ABSTRACT CaliforniaÕs viticulture and ornamental industries have suffered signiÞcant losses since the introduction of Homalodisca coagulata (Say), an important vector of the PierceÕs disease bacterium. A better understanding of the factors that inßuence the dispersal of H. coagulata, as well as other native sharpshooters could enhance our ability to institute areawide management programs. Studies were conducted to establish the validity of an immunoglobulin G (IgG) protein marker for sharpshooter dispersal studies, to compare the dispersal of H. coagulata with that of a native sharpshooter Homalodisca liturata Ball, and to develop a better understanding of the factors that inßuence their dispersal. Field trials showed that the marker remained detectable for at least 19 d and did not affect sharpshooter survival. Four concentrations (0.04, 0.2, 1, and 5 mg/ml) and two different IgG markers (chicken and rabbit) were effective for marking sharpshooters. In massÐmarkÐrecapture studies, Ϸ95% of the marked insects ßew during the releases and the timing of ßight initiation was similar for H. coagulata and H. liturata. Mean wind speeds Ͼ3 m s Ϫ1 were associated with a decline in ßight initiation for both species. Most sharpshooters were trapped at heights below 4.2 m, and based on sex ratio comparisons, traps were equally attractive to males and females. Regression analyses of recapture data and a diffusion model were used to assess and compare sharpshooter dispersal. The majority (95%) of H. coagulata and H. liturata were recaptured within 90 and 155 m of the release site, respectively.
THE GLASSY-WINGED SHARPSHOOTER, Homalodisca coagulata (Say), was Þrst detected in California in 1989 (Sorenson and Gill 1996) . Since then, it has spread throughout southern California and into the southern San Joaquin Valley (Blua et al. 1999 ). This insect feeds on a variety of ornamental and crop plants and in the process transmits the bacterium Xylella fastidiosa, which is the causal agent of PierceÕs disease (PD), as well as several other diseases (Purcell 1979; Purcell et al. 1979 Purcell et al. , 1999 . There are currently no effective treatments for PD, and its spread now threatens the viticulture and ornamental industries of California.
H. coagulata differs from native vectors of X. fastidiosa because it seems to move further into the vineyards (Blua et al. 1999 ) and can feed on the lower portions of the grapevine, which enhances vine-tovine spread of PD (Varela et al. 2001) . To date, most of the evidence regarding its dispersal ability is anecdotal; no studies have directly examined the movement of H. coagulata relative to other native sharpshooters. That H. coagulata seems to be spreading faster than native vectors such as the smoke tree sharpshooter, Homalodisca liturata Ball (Burks and Redak 2003) may not be the result of a greater ßight propensity, but it may be due to a higher reproductive potential and an expanded host range resulting in larger populations that are more easily detected with yellow sticky traps. Nevertheless, insect dispersal is a species-speciÞc trait that can be inßuenced by numerous factors such as population density, reproductive status, biased sex ratio, host breadth, declining host quality, and changing environmental conditions (Denno 1979 (Denno , 1985 Taylor 1985; Lawrence 1987; Blackmer and Phelan 1991; Denno et al. 1991; Byrne 1993a,b, 1999; Blackmer and Cross 2001) . A better understanding of the factors that inßuence the dispersal of H. coagulata relative to other native sharpshooters will facilitate the development of sound management strategies.
One method for studying insect dispersal is the massÐmarkÐrecapture (MMR) technique where in-sects are collected, marked with a stable, long-lasting material, released, and recaptured at given time and distance intervals (Turchin 1998) . Hagler et al. (1992) developed an insect marking procedure that is easy, safe, inexpensive, invisible, and stable. Insects can be marked externally by submerging or misting them with, or internally by feeding them, an immunoglobulin G (IgG) protein solution (Hagler 1997a,b; Hagler and Jackson 1998) . The effectiveness of this technique has been demonstrated for a number of insects (Hagler et al. 1992; Hagler 1997a) .
Herein, we used the MMR technique, in combination with yellow sticky traps and clear, passive-interference traps, to examine the dispersal of H. coagulata relative to a native sharpshooter, H. liturata. Our objectives were threefold: to establish the validity of using an IgG protein marker for sharpshooter dispersal studies; to compare the dispersal propensity of H. coagulata with that of a native sharpshooter, H. liturata; and to develop a better understanding of the biotic and abiotic factors that might inßuence sharpshooter dispersal. Additionally, we present the Þrst quantitative information on the dispersal of H. coagulata and H. liturata. Data generated herein were Þt to a diffusion model Thoeny 1993, Turchin 1998 ) that has been shown to accurately describe the movement of numerous insect species (Kareiva 1983 , Plant and Cunningham 1991 , Turchin and Thoeny 1993 , Corbett and Rosenheim 1996 , Rudd and McEvoy 1996 , Turchin 1998 . Based on parameters generated from the diffusion model, estimates of dispersal distances are provided for each species.
Materials and Methods
Protein Marker Retention Time and Effect on Survival. The retention time of a rabbit IgG marker and its effect on survival of H. coagulata were determined under Þeld conditions. Glassy-winged sharpshooters were collected from Citrus sinensis Osbeck and placed in mesh bags, which allowed air to circulate and facilitated the delivery of a Þne mist of protein solution to the sharpshooters. A double action internal mix airbrush set (Paasche Airbrush Co., Harwood Heights, IL) connected to a portable air tank was used to apply a Þne mist of either a 5.0 mg/ml solution of rabbit IgG (no. I5006, Sigma-Aldrich, St. Louis, MO) or distilled water (unmarked negative control) to the sharpshooters. After the water evaporated, sharpshooters were transferred to sleeve cages that had previously been placed on terminal branches of C. sinensis (ÔSkaggs BonanzaÕ). The sleeve cages (66 by 70 cm, 18 cm in diameter) were constructed from nylon tulle (mesh size 1 mm 2 , Tempe Sales Co., Tempe, AZ) and had an elastic drawstring with a cord lock at one end and a Velcro closure at the opposite end. The Velcro closure enabled access so that sharpshooters could be placed on or removed from the citrus branch. Five treated sharpshooters were placed in each of 140 sleeve cages. Seventy cages held sharpshooters that had been misted with the rabbit IgG solution and 70 held sharpshooters that had been misted with distilled water.
Three or four sleeve cages for each treatment were randomly placed on each of 23 trees. One-half of the sleeve cages were used to determine mortality effects, and the remaining cages were used to determine retention time of the marker. Every 2Ð 4 d for 19 d, sharpshooter mortality was determined by counting live and dead sharpshooters in 35 sleeve cages for each treatment. Dead sharpshooters were removed from the sleeve cages. From the remaining 70 sleeve cages, we randomly collected 20 sharpshooters from each treatment on each sampling date and assayed them by sandwich enzyme-linked immunosorbent assay (ELISA) for the presence of the protein marker (see below). Mortality data were transformed by the arcsine of the square root function to equalize variance before analysis. Cumulative mortality of rabbit IgGmarked and water-marked sharpshooters were compared by repeated measures analysis of variance (ANOVA) (PROC GLM, SAS Institute 1990). For retention time, mean (ϮSD) ELISA absorbance values were calculated for the negative controls. Individual Þeld-collected sharpshooters were scored positive for rabbit IgG protein if the absorbance value was three standard deviations above the negative control mean (Hagler 1997a) .
Mass-Mark-Recapture Studies. Insect Collections. One day before each of the MMR trials, H. coagulata adults were collected from C. sinensis by shaking terminal branches that contained sharpshooters into 38 cm diameter ϫ 84-cm heavy-duty aerial sweet nets (7212CM, BioQuip Products, Inc., Gardena, CA). The contents of the sweep nets were intermittently dumped into paper sacks, which were folded at the top, stapled, and placed inside ice chests. After several thousand sharpshooters had been collected, the paper sacks with and without their contents were weighed and the contents were emptied into Þne-mesh bags (see above) that facilitated the application of the IgG protein solution. Mesh bags were suspended from a post such that sharpshooters crawled up and leaf litter fell to the bottom. Velcro at the bottom of the bag enabled us to remove leaf litter, which was weighed and discarded. Total sharpshooter weight was what remained after leaf litter and bag weights had been subtracted from our initial weights. To obtain an estimate of the number of sharpshooters released, a subsample of sharpshooters (N Ն 100) was randomly collected from our samples before the IgG protein solution was applied. These sharpshooters were placed in 30-ml vials, stored on dry ice, and weighed individually in the laboratory. The number of sharpshooters released was determined by dividing the total sharpshooter weight by mean individual sharpshooter weight. Prerelease sex ratios were also determined from these subsamples, and all female sharpshooters were dissected to determine egg load.
Similarly, H. liturata was collected from Brazilian peppertree, Schinus terebinthifolius Raddi; tree tobacco, Nicotiana glauca Graham; willow, Salix spp.; and scrub oak, Quercus spp. Collections were made, and weights, sex ratios, and egg loads were determined as described above.
Protein Marking. Once sharpshooters had been separated from the leaf litter, they were misted with a Þne spray of IgG protein solution as described above. To determine the minimum dose needed for detection, we applied Ϸ50 ml of four concentrations (0.04, 0.2, 1, and 5 mg/ml) of rabbit IgG protein to the sharpshooters. One rate of the IgG protein was used for each of the four releases, beginning with the highest and ending with the lowest concentration. In the last release, sharpshooters were also marked with a 5 mg/ml concentration of chicken IgG (no. I4881, Sigma-Aldrich) to determine whether it would be suitable as an alternative protein marker. After the water evaporated, glassy-winged sharpshooters were placed on 70-liter potted orange trees until the next morning, when the release commenced. Large, Þne-mesh tulle sleeve cages were placed over the orange trees so sharpshooters could not escape. Smoke tree sharpshooters were held on bouquets of their host plants, which were placed in ßasks containing water inside screen cages (30 by 30 by 60 cm) until their release.
Enzyme-Linked Immunosorbent Assay. For timezero positive controls, sharpshooters were removed from the collections after the rabbit or chicken IgG protein solution was applied. Unmarked sharpshooters served as our negative control for the marking technique. These sharpshooters were placed in 30-ml vials, transported to the laboratory on dry ice, and stored in a Ϫ70ЊC ultracold freezer until they could be processed. Sharpshooters that were recaptured on the sticky traps were removed, placed in microcentrifuge tubes with 500 l of phosphate-buffered saline (PBS, pH 7.3), agitated overnight on a shaker, and assayed for the presence of rabbit or chicken IgG protein by the protein sandwich ELISA described by Hagler (1997a) . Each well of a 96-well ELISA microplate was coated with 100 l of anti-rabbit IgG (or anti-chicken IgG) diluted 1:500 with double-distilled water and incubated overnight at 4ЊC. The IgG antibodies were then discarded and 360 l of 1% nonfat dry milk in double-distilled water was added to each well for 30 min at 27ЊC to block any remaining nonspeciÞc binding sites on the plates. After the nonfat milk was removed, a 100-l aliquot of the glassy-winged or smoke tree sharpshooter solution was placed in each well of the pretreated assay plate and incubated at 27ЊC for 1 h. Sharpshooter samples were next discarded and each well was brießy rinsed three times with PBS Tween 20 (0.05%) and twice with PBS. Aliquots (50 l) of anti-rabbit IgG or anti-chicken IgG conjugated to horseradish peroxidase (no. A-6154; Sigma-Aldrich) diluted to 1:1000 with 1.0% nonfat milk, were added to each well and incubated for 1 h at 27ЊC. Plates were washed again as described above, and 50 l of substrate was added using the reagents supplied in the horseradish peroxidase substrate kit (no. 172-1064, Bio-Rad, Richmond, CA). After incubating the substrate for 2 h, the optical density of each sample was measured with a microplate reader set at 405 nm. Mean (ϮSD) absorbance values were calculated for the negative controls. Individual Þeld-collected sharpshooters were scored positive for rabbit IgG or chicken IgG protein if the absorbance value was 3 standard deviations above the negative control mean (Hagler 1997a) .
Release Site and Recapture Design. The release site was located at the University of California, Riverside Agricultural Operations Station (Moreno Valley, CA) in an abandoned alfalfa Þeld that had only a few scattered plants. No other host plants were located within 1.5 km of the release site. This site was selected because we were relatively sure that most or all of the sharpshooters captured were those that we released. Additionally, because H. coagulata and H. liturata often occur in different habitats (Blua et al. 1999 ), this site enabled us to better evaluate their dispersal ability in the absence of confounding host cues.
Collection poles consisted of three, 3-m sections of polyvinyl chloride (PVC) tubing of varying diameters. The diameter of the base tube was 6.5 cm, the center tube was 5.0 cm, and the upper tube was 3.5 cm (outside diameter). Holes were drilled through the PVC tubes so they could be connected together to form a 7-m pole or retracted into the larger diameter PVC tube for transport. From the top of the smaller diameter PVC section, a pulley system extended down to the largest diameter PVC section. This design allowed us to raise and lower sticky traps without taking the poles down between releases. Forty poles were placed in the Þeld along annuli at distances of 10, 30, 50, 70, and 90 m. The location of each pole was marked with a stake, and using a posthole pounder, heavy-duty fence posts were driven into the ground to a depth of 30 cm. PVC poles were raised and placed over the protruding fence posts, and three guy wires extending from the top of each 7-m pole to their base were used for additional support. To enhance recapture rates, more poles were placed at the more distant annuli, with four poles placed at 10 m, six at 30 m, eight at 50 m, 10 at 70 m, and 12 at 90 m.
Sticky traps were cut to 40 by 60 cm and hand rolled with a heavy coating of Pestick (Phytotronics, Inc., St. Louis, MO). Approximately 16 Ð18 h before each release, sticky traps were labeled according to height and distance from the central point release site and then raised on the poles. Each trap was positioned around the PVC poles to form a 16-cm-diameter cylindrical trap that could be raised and lowered by the pulley system. Traps were held in place on the pulley by binder clips that connected to the top and bottom edge of each trap. Each pole contained six traps positioned at Ϸ0.8-m intervals beginning at ground level and extending to the top of the pole (Ϸ7 m). In each annulus, poles containing cylindrical yellow sticky traps were alternated with poles containing cylindrical clear sticky traps. The yellow traps are attractive to sharpshooters that are searching for host plants, whereas the clear traps would randomly trap sharpshooters regardless of whether they were responding to plant (i.e., trivial ßights) or skylight cues (i.e., migratory ßights).
Releases. Four releases were made over a 5-wk period in July and August 2001. For the Þrst release, we counted, but did not remove, sharpshooters trapped on a subsample of yellow traps at 6 h (N ϭ 66 traps total; six traps at 10 m, 12 at 30 and 50 m, and 18 at 70 and 90 m) and then allowed the recapture to continue for 24 h. The recapture period was Ϸ6 h for subsequent releases. All releases began between 0730 and 0800 hours, and in three of the trials sharpshooters began taking off shortly after the screen cages were removed from the host plants. In the third release, takeoff activity was inhibited until high winds (Ͼ5 m s
Ϫ1
) subsided at Ϸ1100 hours. During the releases, we monitored takeoff activity by counting with tally meters the relative number of sharpshooters leaving the host plants during 15-min observation periods for each 30-min interval between Ϸ0730 and 1430 hours. One observer monitored glassy-winged sharpshooter takeoffs, whereas a second observer monitored smoke tree sharpshooter takeoffs. Observers wore "neutral colors" (i.e., red, black, white, or off-white), remained seated during observations, and were Ϸ1 m from the host plants. During the takeoffs, ambient air temperature, solar radiance, relative humidity, wind speed, and wind direction were monitored at 15-min intervals at the center of the release site with a portable weather station (model 7978, Davis Instruments Corp., Hayward, CA).
At the end of each release, all sharpshooters that remained on the host plants were collected, placed in 30-ml vials, put on dry ice and returned to the laboratory where they were weighed, sexed, and females dissected to determine egg load. In addition, sticky traps were collected, covered with wax paper, and transported back to the laboratory where the sharpshooters were counted, species determined, sexed, and a randomly selected subsample (Ն250 individuals per trial) tested for the presence of the rabbit or chicken IgG protein marker. A subsample was considered sufÞcient as a test of the markerÕs efÞcacy because no sharpshooters were trapped on the sticky traps during the 16 Ð18-h prerelease period (see Release Site and Recapture Design). Apparently, sharpshooters readily left the release area between releases.
Regression was used to determine the relationship between takeoff rates for each species and wind speed, temperature, solar radiance, and relative humidity (forward stepwise regression, SAS Institute 1990). Prerelease and postrelease subsamples of male and female weights, and egg loads were compared by ttests. Recapture rates of male and female H. coagulata and H. liturata relative to the four cardinal directions (true north ϭ 0Њ), distance, height, release date, and their interaction were examined using a linear regression model (stepwise regression, SAS Institute 1990). To correct for non-normality, or to homogenize variances, percentage data were transformed by arcsine of the square root and numerical data by ln(y ϩ 1) before analyses.
Fitting Diffusion Model to Sharpshooter Dispersal. Before Þtting H. coagulata and H. liturata recapture data to the diffusion model the assumption of no directionality in dispersal was tested. The average displacement of recaptured sharpshooters was calculated for each of the releases with the following equation (from Turchin and Thoeny 1993):
where C ij is the cumulative recaptures in trap i over the course of recapture day j, x i is the x coordinate of the location of trap i relative to the central release point, and n is the number of traps. The quantity x i C ij is the sum of the recapture displacements along the x-axis for all sharpshooters that ßew to trap i. This equation provides the average displacement X j , along the x coordinate. The average displacements along the y coordinate were calculated in the same manner. Together, the average displacements along the x and y coordinates gave the mean displacement of recaptures within the grid. The average displacement of recaptures for each replicate release was tested by t-test to determine whether they were signiÞcantly different from zero along the x and y axes (Sokal and Rohlf 1981) . Differential dispersal by male and female sharpshooters was also evaluated before Þtting the model. The sex ratio of recaptured individuals was arcsine transformed, and linear regression analysis was used to determine whether a signiÞcant relationship existed between the sex ratio and dispersal distance.
After calculating the net displacement or lack thereof, and the potential differential dispersal relative to sex, the recapture data were Þt to a statistical model based on the assumption that sharpshooter movement could be explained by a diffusion process. The diffusion model developed by Turchin and Thoeny (1993) was used and is deÞned as follows:
where N is the total number of recaptured sharpshooters dispersing to distance r, A ϭ ␣N 0 (8)
, a scale parameter that is proportional to the total number of sharpshooters released multiplied by the recapture efÞciency of the trap.
, which measures the spatial scale of dispersal and is proportional to the square root of the diffusion rate (D is diffusion coefÞcient) divided by the loss rate (␦). To estimate the diffusion coefÞcient, it is necessary to know either the recapture efÞciency (␣) or the loss rate (␦). Neither of these parameters is known at this time, but it is still possible to estimate the Þt of the recapture data to the model. To Þt the diffusion model, equation 2 was linearized by taking the natural logarithm of both sides of the equation, which resulted in the following equation:
The recapture data were Þt with linear regression to equation 3 to estimate parameters A and B. To eliminate the problem of log-transforming zero values, recaptures at equivalent distances were averaged and these averaged trap recaptures were log transformed. The normal procedure of adding a small number before log transformation is inappropriate because it changes the form of equation 3, which results in the loss of biological meaning of parameters A and B (Turchin and Thoeny 1993) . We calculated the median dispersal distance r 0.5 , the radius of a circle that enclosed 50% of the dispersers, by using equation 4 derived by Turchin and Thoeny (1993) and the mean value of parameter B estimated from the regression of equation 3, by using the Mathematica program (Wolfram 1988) . Similarly, we calculated r 0.67 , r 0.98 , and r 0.99 , the radii enclosing 67, 95, and 99% of the dispersers, respectively.
Results
Protein Marker Retention Time and Effect on Survival. Mean optical density for rabbit IgG-marked sharpshooters ranged from 1.83 on day 2 to 0.50 on day 19 (Fig. 1) . All of the sharpshooters misted with the IgG protein solution had higher optical density readings through day 16 compared with control sharpshooters (range 0.05Ð 0.08). By day 19, the optical density of a small percentage (10%) of IgG-marked sharpshooters was not different from unmarked sharpshooters. Overall percentage of cumulative mortality of IgG-marked sharpshooters was not signiÞcantly different from sharpshooters that were misted with water (F ϭ 2.79; df ϭ 1, 68; P ϭ 0.10), nor was the date*treatment interaction term signiÞcant (F ϭ 0.30; df ϭ 5, 340; P ϭ 0.68; Fig. 2 ).
Mass-Mark-Recapture Studies. Releases. On average, 12,000 H. coagulata and 5,000 H. liturata were marked and released for each trial. A determination of sex ratios before the releases showed a slight male bias for H. coagulata (1.2:1.0) and a slight female bias for H. liturata (0.8:1.0). After the release, we found a higher male bias (1.5:1.0) for H. coagulata that remained on the host plants, suggesting that females were initiating ßight more often than males. Weights also differed for pre-and postrelease H. coagulata subsamples. Prerelease subsamples of females and males weighed 23.1 Ϯ 1.0 and 18.9 Ϯ 0.7 mg (mean Ϯ SEM), respectively. H. coagulata that remained on the host plant weighed signiÞcantly more than sharpshooters that initiated ßight (female mean weight ϭ 28.6 Ϯ 0.8 mg, P Ͻ 0.001 for each release; male mean weight ϭ 22.3 Ϯ 0.7 mg, P Ͻ 0.001 for each release). The difference in weight was not due to egg load, because eggs were rarely present in females. No consistent differences among releases were detected for H. liturata in pre-and postrelease sex ratios, egg loads (Ͻ10% had eggs), or weights (17.5 Ϯ 0.9 mg for females; 12.1 Ϯ 0.5 mg for males).
Takeoff Response. Takeoff activity, relative to time of day, was similar for H. coagulata and H. liturata for all releases. Approximately 58% of the variability in takeoffs for H. coagulata (F ϭ 70.1; df ϭ 1, 50; P Ͻ 0.0001) and 52% for H. liturata (F ϭ 54.1; df ϭ 1, 50; P Ͻ 0.0001) could be attributed to wind speed alone. Sharpshooters seldom took off when the mean wind speed exceeded 3 m s Ϫ1 (Fig. 3) . None of the remaining environmental parameters explained a signiÞcant amount of the variability in takeoff activity for either species. Based on the number of insects released and the number that remained on the host plants at the end of the release interval, nearly 95% of the marked insects took ßight.
Recapture and IgG Assays. We recaptured Ϸ12% of the Ϸ 66,000 marked sharpshooters that were released. Of these, 98.8% were recaptured on yellow sticky traps and 1.2% were recaptured on clear traps. Yellow sticky traps were equally effective in trapping males and females of both species, as indicated by the nearly identical prerelease and recapture sex ratios. Averages of 6.0 male and 5.1 female glassy-winged sharpshooters were recaptured per yellow sticky trap per release (Table 1) , a recapture sex ratio equivalent to the prerelease sex ratio (1.2:1:0). Similarly, smoke tree sharpshooters were recaptured at a ratio of 1.4 males to 1.7 females, showing the same female bias that was evident for the prerelease sex ratios. The majority of sharpshooters, regardless of species or sex, were recaptured between 10 and 50 m from the release site and below 4.2 m in height (Table 1) . Because "migratory" individuals (sensu Kennedy 1985) are initially unresponsive to host plant cues, and tend to ßy upward in response to skylight, whereas trivial ßiers are generally responsive to plant cues (i.e., herein simulated by yellow traps), we postulated that if migrants existed within the population, there would be a differential vertical distribution in recapture between yellow and clear (passive) sticky traps (i.e., a greater number recaptured on the 5.6-and 7-m clear traps). However, 83.5% of the sharpshooters recaptured on the clear traps were captured on the lowest three traps, a value similar to the 89.7% recapture rate for the lowest three yellow sticky traps.
As a percentage of sharpshooters released, more than twice as many smoke tree sharpshooters were recaptured 50 Ð90 m from the release site compared with glassy-winged sharpshooters recaptured at these distances (Fig. 4) . Recapture rates relative to trap heights were similar regardless of sex. For the 10-, 30-, and 50-m annuli, nearly all the sharpshooters were recaptured on the lowest two traps, but recaptures at the 70-and 90-m annuli were more evenly distributed among the six trap heights (Fig. 5) . In this setting, where host plants were distant from the release site, a recapture period of Ϸ6 h seemed to be sufÞcient. Recapture rates only increased 1.2% when the recapture period was extended to 24 h.
Regression analysis showed that, for both species, distance from the release site was the best predictor of trap catch (r 2 ϭ 0.38; F ϭ 503.9; df ϭ 1, 475; P Ͻ 0.0001 for H. coagulata and r 2 ϭ 0.31; F ϭ 418.3; df ϭ 1, 475; P Ͻ 0.0001 for H. liturata). Trap height accounted for an additional 13.8% of the variability in trap catch for H. coagulata (F ϭ 282.3; df ϭ 1, 475; P Ͻ 0.0001) and 18.2% of the variability for H. liturata (F ϭ 291.1; df ϭ For the MMR studies, four concentrations (0.04, 0.2, 1, and 5 mg/ml) and two different IgG markers (chicken and rabbit) were effective for marking sharpshooters (Fig. 6 ). The four rates of rabbit IgG produced similar optical density readings, and although the readings for chicken IgG were lower, they were still easily distinguished from the controls. Only 1 of the Ͼ1,300 sharpshooters tested for IgG proteins produced a false negative reading.
Fitting Diffusion Model to Sharpshooter Dispersal. The analysis of mean recapture displacements (equation 1 for H. coagulata showed that there was a small but signiÞcant shift to the south (Fig. 7) . The mean (Ϯ1 SEM) recapture displacement for Yj was Ϫ2.96 Ϯ 0.59 m (t ϭ 4.49, df ϭ 3, P Ͻ 0.05). There was no statistically signiÞcant shift along the x-axis (Xj ϭ Ϫ1.04 Ϯ 1.53 m, t ϭ 0.61, df ϭ 3, P Ͼ 0.05). There were no signiÞcant shifts along either the x-or y-axes for H. liturata (Xj ϭ Ϫ4.08 Ϯ 4.22 m, t ϭ 0.87, df ϭ 3, P Ͼ 0.05; Yj ϭ Ϫ2.88 Ϯ 1.68 m, t ϭ 4.49, df ϭ 3, P Ͼ 0.05). Although the shift along the y-axis was signiÞcant, the overall effect on dispersal was small as the scale of dispersal measured was an order of magnitude greater.
These results indicated that directional biases in recapture displacements for H. coagulata and H. liturata, were either slight or not signiÞcant; data can therefore be Þt to the diffusion model without including a term for drift. The sex ratios of recaptured H. coagulata and H. liturata were 55 and 45% male, respectively. Linear regression of sex ratios relative to distance revealed no signiÞcant effect for either species (H. coagulata, F ϭ 0.30; df ϭ 1, 99; P Ͼ 0.50; H. liturata, F ϭ 0.35; df ϭ 1, 95; P Ͼ 0.50). Therefore, to Þt the recapture data, sexes were combined. Linear regressions of recapture data with the diffusion model provided signiÞcant Þts to the data with high coefÞcients of determination (R 2 ) for all H. coagulata releases and for three of four H. liturata (Table 2 ; Fig. 8 ). The regression of recaptures for the Þrst H. liturata release was not signiÞcant (P Ͼ 0.05), so the parameter estimate for B from this release was not used in estimating its mean value.
Within-Þeld dispersal distances were calculated with equation 4 by using the estimates of B for all releases for H. coagulata and for releases 2Ð 4 for H. liturata. One-half of the released H. coagulata were recaptured at 30 m or less, and 95% were recaptured at 90 m or less from the release site in the 6-h time interval of our trials (Table 3) . For all releases, an estimated 7% of H. coagulata moved beyond our most distant annuli (90 m). One-half of the released H. liturata were recaptured at 47 m or less, and 95% would have been recaptured at 155 m or less in the same time interval (Table 3. ). Approximately 21% of H. liturata moved beyond our most distant annuli.
Discussion
The strain of X. fastidiosa responsible for PierceÕs disease is not new to California. It has caused major losses in vineyards during periodic epidemics in California since at least the 1880s (Goodwin and Purcell 1992) . However, before H. coagulata entered California, outbreaks of PD were localized and most often found in vineyards next to pastures, alfalfa Þelds, or irrigation ditches (Purcell and Frazier 1985) . H. coagulata also has the potential to vector strains of X. fastidiosa that induce diseases in numerous other plants. Diseases such as oleander and almond leaf scorch, phony peach disease, plum leaf scald, and citrus variegated chlorosis are devastating where they co-occur with H. coagulata, and although not all of these diseases currently occur in California, the potential for introduction does exist. Given these circumstances, the glassy-winged sharpshooters propensity to disperse has serious consequences; a small number of infectious insects could quickly inoculate a high percentage of susceptible hosts.
Dispersal ability within the Cicadellidae varies considerably. At one end of the spectrum, the aster leafhopper, Macrosteles fascifrons (Stål); the beet leafhopper, Circulifer tenellus (Baker); and the potato leafhopper, Empoasca fabae (Harris), are pests, at least in part, because of their ability to colonize distant habitats (Taylor 1985) . Flights ranging from 300 to 1000 km have been documented for these three species. At the other end of the spectrum, there are species such as Psammotettix cephalotes (HerrichSchäffer), which will probably never become a pest because it is found only on the upper slopes of mountains in British Columbia.
So, where does H. coagulata Þt in terms of its dispersal ability? In California, H. coagulata is often found in large numbers in citrus, which offers a relatively stable habitat throughout the year. Perring et al. (2001) demonstrated that at citrusÐvineyard interfaces the incidence of PD in the vineyards decreased with increasing distances from citrus; however, PD was still detectable in plants 300 m from citrus. Given the infestation patterns in this study, glassy-winged sharpshooters were probably engaging in relatively short distance, plant-to-plant movements. Little else is know about the ßight capacity of H. coagulata or of the factors that inßuence its movement. A closely related species, Homalodisca insolita (Walker), extended its range in southeastern United States from 1,700 to 2,500 km in a period of Ϸ10 yr, and it was suggested that the range of H. coagulata might be greater (Turner and Pollard 1959) .
Since its initial introduction into California (Sorenson and Gill 1996), H. coagulata has spread from Orange and Ventura counties into San Diego, San Joaquin, Riverside, San Bernadino, Los Angeles, Kern, and southern Tulare counties (Blua et al. 1999 , Anonymous 2002 . It has two generations per year; each female can lay up to 1000 eggs (Turner and Pollard 1959) , and it has a wide host range, which includes 73 plant species in 35 plant families (Blua et al. 1999 ). This combination of high fecundity, polyphagy, and the tendency to move among hosts throughout the year makes management a challenge. Only a better understanding of the factors that inßuence the dispersal of H. coagulata will enhance our ability to institute areawide management programs.
With this purpose in mind, we used immunoglobulin G (IgG) proteins for studying the glassy-winged sharpshooter, as well as the smoke tree sharpshooterÕs dispersal. Conventional marking materials such as paints, dyes, dusts, and tags often inhibit normal dispersal behavior, or evoke excessive grooming behavior, which can delay dispersal. Perhaps, the best markers before the introduction of IgG proteins were trace elements such as rubidium (Jackson et al. 1988 ). How- ever, the protein marking technique that we used offered several advantages over rubidium and other techniques. Thousands of insects were quickly marked with small quantities of inexpensive protein label, and the detection procedure (sandwich ELISA) was simple, sensitive, economical, and required minimal training and equipment (Hagler and Jackson 1998) . This technique worked well for both H. coagulata and H. liturata. Even when we used extremely low doses of IgG proteins (0.04 mg/ml), the ELISA readings for marked sharpshooters were easily distinguished from negative controls. Both rabbit and chicken IgG were effective in marking sharpshooters, which will enable us to mark different cohorts with these proteins in future studies. Furthermore, even the highest application rate of these markers had no signiÞcant effect on mortality of sharpshooters relative to controls, and in the context of our MMR studies, these markers worked exceptionally well. Only 1 of the 1,300 screened sharpshooters failed to register a positive optical density reading. Of the various environmental factors that might inßuence sharpshooter dispersal, we found that in the open setting of an abandoned alfalfa Þeld, wind speed was the only environmental parameter that explained a signiÞcant amount of variability in takeoff activity for H. coagulata and H. liturata. Winkler et al. (1949) noted that for the green sharpshooter, Draeculacephala minerva Ball, ßight was inhibited by high winds, but made no mention of the wind speed that inhibited ßight. We found that glassy-winged and smoke tree sharpshooters rarely initiated ßights when the average wind speed exceeded 3 m s
Ϫ1
. There was also an indication that temperatures below 17ЊC reduced takeoff activity; however, we were not able to show a signiÞcant trend because there were so few time intervals that fell below this temperature (unpublished data). Based on information from other sharpshooters it is likely that the threshold for ßight is near this temperature. Temperature strongly inßu-enced ßight activity in the blue-green sharpshooter, Graphocephala atropunctata (Signoret) (Feil et al. 2000) . The derived minimum temperature for ßight was estimated to be 14.5ЊC. Purcell and Frazier (1985) reported a 21ЊC threshold for the green sharpshooter and the redhead sharpshooter, Carneocephala fulgida (Nottingham), in Central California. During our releases, solar radiance, barometric pressure, and relative humidity had no apparent effect on takeoff activity of H. coagulata or H. liturata.
Glassy-winged and smoke tree sharpshooters readily dispersed out to 90 m and up to 7 m in height when mean wind speeds were below 3 m s Ϫ1 and temperatures were sufÞcient for takeoffs. Through regression analyses, we found that distance from the release site was the single most important factor for predicting trap catch; trap height was the next most important factor. We also found that despite that fewer than one-half as many H. liturata were released when compared with H. coagulata, more than twice as many H. liturata (14.5 versus 6%) were recaptured 50 Ð90 m from the release site compared with recapture rates for H. coagulata. These Þndings show that H. liturata have the capacity to move further and/or faster than H. coagulata. However, in a more natural setting, H. liturata may not necessarily have the tendency to move as frequently as H. coagulata. In terms of trap height, most H. coagulata (94.9%) and H. liturata (93.1%) were recaptured below 4.2 m. Less than 2.5% were recaptured at 7 m, a value similar to the 5% reported by Blua et al. (1999) . Trap placement has been shown to affect trap catch efÞciency, because recapture is apparently related to the feeding habits of the species examined. In a Florida orange grove, H. coagulata was trapped most often at 3 m, whereas the grass-feeding species H. insolita was encountered more often at 1-m-high traps (Timmer et al. 1982) . Turner and Pollard (1959) also reported that H. coagulata normally dispersed within a few meters of the ground; however, collections at an altitude of Ϸ1 km were reported, suggesting that glassy-winged sharpshooters may move longer distances by launching themselves into the planetary boundary layer (Drake and Farrow 1988) . The frequency of such long-distance movement by glassy-winged sharpshooters is not known, nor is their fate once they arrive at these more distant sites. Given that their hourly feeding rate exceeds 10 times their body weight (Anderson et al. 1989 ) and that they are prone to rapid desiccation when deprived of a host (unpublished data), it seems unlikely that many individuals would engage in longdistance movements. However, deÞnitive evidence of true migration (sensu Kennedy 1985) , or lack thereof, would demand a much more detailed investigation.
Of the biotic factors that may have inßuenced trap catch relative to distance and height, we could Þnd no strong evidence that sex ratio, weight, or egg load inßuenced either speciesÕ dispersal behavior. Prerelease and recapture sex ratios were nearly identical for both species. H. coagulata maintained a slight male bias and H. liturata maintained a slight female bias, which would indicate that the yellow sticky traps were equally attractive to the sexes. H. coagulata that remained on the host plants weighed more than sharpshooters that were weighed before the releases and we suspected that these females stayed because they had higher egg loads. If they had higher egg loads, they might be more likely to engage in station-keeping behaviors (i.e., feeding or oviposition) rather than disperse. However, only Ϸ5% of H. coagulata had mature eggs regardless of whether they remained on the plants or took ßight. Their reluctance to leave the host plant probably had more to do with feeding activity, which could also explain the increased weights that we observed for both male and female H. coagulata.
H. coagulata and H. liturata exhibited little to no directional dispersal in our trials. Regression analysis showed that trap position, relative to the four cardinal directions, had no inßuence on recaptures even though wind direction was usually from a west to southwest direction. Analysis of mean recapture displacements indicated only slight or no directional bias, which allowed the data to be Þt to the diffusion model without including a term for drift. For all H. coagulata releases, and for three of four H. liturata releases, we obtained high coefÞcients of determination with the diffusion model of Turchin and Thoeny (1993) . We were also able to calculate within Þeld dispersal distances for each species by using estimates from our diffusion model. Based on these calculations, and our 6-h release-recapture interval, 95% of H. coagulata and H. liturata were recaptured within 90 and 155 m of our release site, respectively. Turchin et al. (1991) noted that the interpretation of markÐrecapture results can be difÞcult, because the portion of the population that was not detected may be behaving differently from the portion that was recaptured. Interpretation of our results must be limited to sharpshooters that were responding to host plant cues, herein simulated by yellow sticky traps. We attempted to separate out some of these potential behavioral differences by using passive interference traps (clear sticky traps), and although the pattern of recapture was similar to those of the yellow sticky traps, the recapture rates on the clear traps were so low that we could not statistically compare results. Another caveat in MMR studies is that normal movement can be confounded by the effects of initial, agitated based dispersal, overcrowding, and human disturbances during the release and recapture (Narisu et al. 1999) . Herein, we tried to eliminate these effects as much as possible by placing sharpshooters on host plants overnight, which allowed them time to settle down before the releases.
Despite these caveats, our Þndings suggest that the increased incidence of PD that has been attributed to H. coagulata, cannot be directly attributed to an increased capacity to disperse relative to H. liturata. Other factors such as an expanded host range, higher densities, and possibly a greater tendency to move short distances between oviposition and feeding sites are probably more important in explaining the increased incidence of PD. Additional studies are needed to determine how host plant quality inßuences feeding, oviposition, and dispersal behaviors of H. coagulata. Also, our trials were conducted in a simple landscape, and it is quite likely that movement in different crops, or where host plant density is greater, would result in different estimates of movement. Our Þndings herein are applicable to situations where H. coagulata or H. liturata are moving between crops across bare ground. In this situation, both species were capable of ßying Ͼ90 m in a relatively short period. Given the broad host range of both species and the compact agricultural-horticultural landscape of southern and central California it is unlikely that a practical cultural control program involving large areas of uncultivated land could easily be devised. However, if high-cash crops such as vineyards were isolated from high glassy-winged sharpshooter source crops such as citrus, the incidence of PD might possibly be limited.
